The synthesis and characterization of various endohedral metallofullerenes and their derivatives are described. The encapsulated metal atoms' positions and movements were determined using NMR study, X-ray crystallographic analysis, and theoretical calculations. The results of electrochemical investigations clarified the relation between the electronic properties and the π-electron systems of the fullerene endohedrals.
INTRODUCTION
Since the discovery of the fullerene in 1985 [1] , numerous studies have been conducted to conceptualize and develop future applications of that new type of carbon material. Atom doping is a powerful methodology to modulate electronic properties in the field of materials science. Regarding fullerenes, endohedral atom doping provides novel carbon materials possessing fascinating properties. In particular, endohedral metal doping produces hybrid molecules of a new class: so-called endohedral metallofullerenes [2, 3] . These days, endohedral metallofullerenes have attracted wide interest as spherical molecules with novel properties that are wholly unexpected in hollow fullerenes such as C 60 . Because of the electron transfer from the encapsulated metal atoms to the fullerene cage, the metal atoms are cationic; the fullerene sphere itself is negatively charged. Therefore, the determination of the metal atoms' positions and movements is a crucial issue to clarify the physical and chemical properties of endo hedral metallofullerenes. However, the structures and the metal positions or movements, in addition to their electronic properties, have remained obscured by the much lower yields of these species.
Recently, we developed a method of high-yield synthesis of endohedral metallofullerenes. To unveil their fascinating structures and properties, we systematically synthesized and characterized a series of endohedral metallofullerenes with various carbon cages and quantities of metals [4] . In particular, we examined Ce metallofullerenes. The existence of an f-electron spin on the Ce atom enables us to examine the paramagnetic effects to reveal the encapsulated metal atom's positions and movements. Furthermore, chemical derivatization was conducted to investigate the effects resulting from exohedral functionalization. Throughout this paper, we will provide some insights for evaluating and controlling *Pure Appl. Chem. 82, 757-1063 (2010) . An issue of reviews and research papers based on lectures presented at the 13 th International Symposium on Novel Aromatic Compounds (ISNA-13), 19-24 July 2009, Luxembourg City, Luxembourg on the theme of aromaticity. ‡ Corresponding author: E-mail: akasaka@tara.tsukuba.ac.jp; Fax: (+81) 29-853-6409 Actually, M@C 2v -C 82 s [5] (M = group 3 metals and lanthanides) are readily available as the most abundant endohedral species using general arc discharge method. Because three valence electrons were transferred from the metal atom to the cage, the resulting open-shell electronic structure is described formally as M 3+ (C 2v -C 82 ) 3-. Their paramagnetic nature has prevented us from performing NMR spectroscopic studies of them. In this context, one-electron reduction of the paramagnetic metallofullerenes has enabled the 13 C NMR study of their anions to elucidate their cage structures [6] [7] [8] [9] [10] . However, the metal position in C 2v -C 82 cage has remained controversial [11] [12] [13] [14] [15] . To clarify the metal position, we performed paramagnetic NMR shift analyses of Ce@C 2v -C 82 anion [16] .
First, the bond connectivity in Ce@C 2v -C 82 anion was determined and all the 13 C NMR signals were fully assigned using 2D incredible natural abundance double-quantum transfer experiment (INADEQUATE) NMR study. This complete assignment enabled us to carry out the following paramagnetic NMR shift analyses. Because the f-electron spin on the Ce atom interacts with nucleus spins on the cage carbons, all carbon chemical shifts (δ) of the cage carbons show considerable temperature dependence. The chemical shifts of paramagnetic molecules in solution are generally expressed as a sum of three contributions from diamagnetic (δ dia ), Fermi contact (δ fc ), and pseudocontact (δ pc ) shifts, in which the paramagnetic δ fc and δ pc are proportional to T -1 and T -2 (T = absolute temperature), respectively (eq. 1) [17] . Constants c fc and c pc signify characteristic values of individual carbon signals. The δ dia values correspond to the chemical shifts of the diamagnetic La@C 2v -C 82 anion [18] . In our case, the anisotropic pseudocontact interaction makes a more dominant contribution than the isotropic Fermi contact interaction because no meaningful connection exists between the Ce atom and cage carbons. This consideration was confirmed through analysis of the line-fitting plots of the carbon signals. Therefore, the chemical shifts of Ce metallofullerenes are expressed briefly as eq. 2, in which r represents the distance between Ce and cage carbons, θ is the angle between the r vector and the C 2 axis of Ce@C 2v -C 82 , and C is a common constant with a negative value for all cage carbons.
the minimum of the electrostatic potential of C 2v -C 82 3- [19] . This agreement is important evidence that the electrostatic metal-cage interaction plays a dominant role in determining the metal position.
Carbene adducts
Carbene addition is an efficient method to derivatize M@C 2v -C 82 (M = La [20, 21] and Gd [22] ), in which adamantylidene (Ad) carbene was used for the selective derivatization. Furthermore, Ce@C 2v -C 82 reacts with Ad carbene regioselectively to yield only two regioisomers: C 1 symmetric Ce@C 2v -C 82 (Ad)-I and C s symmetric Ce@C 2v -C 82 (Ad)-II (Scheme 1) [23] . In both cases, the C-C bonds on the addition sites were cleaved by adding the electrophilic carbenes to form the [6, 6] -open structures. Electrochemical reduction of the carbene adducts enabled the 13 C NMR measurements of their anions to be useful for paramagnetic NMR shift analyses. Surprisingly, the observed paramagnetic NMR shifts in Ce@C 2v -C 82 (Ad)-I and Ce@C 2v -C 82 (Ad)-II show good agreement with the calculated values of the optimized structures based on eq. 2 despite their lower symmetries. It is noteworthy that the Ce atoms are changed slightly by the carbene addition and are located at single sites nearest the addition sites in the carbene adducts. The absorption features of the carbene adducts are almost identical to those of pristine Ce@C 2v -C 82 . This strong similarity suggests that the carbene addition scarcely changes the π-electron system of the cage because the sp 2 -character of the carbon atoms at the addition site is retained.
Molecular structure of Ce 2 @D 2 (10611)-C 72
The smallest Ce-containing dimetallofullerene, Ce 2 @D 2 (10611)-C 72 , was first reported in 2001 by Dunsch and co-workers [24] . However, the structure was not determined at that time. In 2008, we synthesized substantial amounts of Ce 2 @D 2 (10611)-C 72 and elucidated the cage frameworks and the metal positions using NMR spectroscopy [25] . All carbon chemical shifts of Ce 2 @D 2 (10611)-C 72 show considerable temperature dependence originating from the f-electron spins remaining on the Ce atoms. It is noteworthy that the paramagnetic NMR shift analysis is also applicable for dimetallofullerenes. The fundamental assumption in the analysis is that the pseudocontact shifts are produced using a sum of the individual contributions from the two Ce atoms. It is particularly interesting that Ce 2 @D 2 (10611)-C 72 does not obey the isolated-pentagon rule (IPR). It is expected that the Ce atoms stabilize the fused pentagons of the non-IPR cage. In fact, the paramagnetic NMR shift analysis revealed that the Ce atoms face the two fused pentagons on the two poles of the Ce 2 @D 2 (10611)-C 72 cage. Indeed, the 13 C NMR signals of the fused pentagons showed drastic temperature dependence because of the strong paramagnetic effects of the facing Ce atoms. The results obtained from the paramagnetic NMR shift analysis agree well with the computational calculations ( Fig. 1 ).
Molecular structure of Ce 2 @D 3h (5)-C 78
In 2008, Ce 2 @D 3h (5)-C 78 was synthesized and isolated for the first time [26] . The 13 C NMR spectrum shows five lines with full intensities and three lines with half intensities, which is attributed to the D 3h (5)-C 78 cage structure. All carbon chemical shifts show considerable temperature dependence, as in the case of Ce 2 @D 2 (10611)-C 72 . The paramagnetic NMR shift analysis disclosed that the Ce atoms in Ce 2 @D 3h (5)-C 78 are localized on the C 3 axis of the ellipsoidal cage. This result agrees well with the optimized structure of La 2 @D 3h (5)-C 78 calculated using the density functional theory (DFT) method. The absorption spectrum of Ce 2 @D 3h (5)-C 78 shows characteristic absorptions at 644, 553, and 526 nm, which resembles that of La 2 @D 3h (5)-C 78 [27] .
Bis-silylated adduct Bis-silylation of Ce 2 @D 3h (5)-C 78 with 1,1,2,2-tetramesityl-1,2-disilirane proceeded smoothly at elevated temperature (80 °C) to afford the bis-silylated adduct, Ce 2 @D 3h (5)-C 78 (Mes 2 Si) 2 CH 2 (Mes = mesityl) [26] . The absorption spectrum of the bis-silylated adduct shows an absorption maximum at 957 nm, which differs greatly from that of Ce 2 @D 3h (5)-C 78 . This large difference in the absorptions is ascribed to the fact that the electronic structure is strongly altered by the electron donation from the silyl substituent to the D 3h (5)-C 78 cage. This trend is in sharp contrast to the case of the Ad carbene adduct of La 2 @D 3h (5)-C 78 [27] . The detailed structure of the bis-silylated adduct was elucidated using the single-crystal X-ray crystallographic analysis. In addition, the observed paramagnetic NMR shift analysis revealed that the Ce atoms are localized more tightly on the C 3 axis of the D 3h (5)-C 78 cage in the bis-silylated adduct. This finding agrees well with the X-ray structure. 
Scheme 2

Molecular structure of Ce 2 @I h -C 80
The most abundant dimetallofullerene is known to be Ce 2 @I h -C 80 , in which the two encaged metal atoms move freely. The presence of only two signals with a 3:1 intensity ratio in the 13 C NMR spectrum shows that the 3D random circulation of the two Ce atoms reduces the symmetry of the molecule to be icosahedral [28] , as in the case of La 2 @I h -C 80 [29] . The two signals showed very slight temperature dependence compared to those of Ce 2 @D 2 (10611)-C 72 and Ce 2 @D 3h (5)-C 78 , despite the fact that two Ce atoms are contained in them. It is reasonable to consider that the 3D movement of the Ce atoms causes delocalization of the f-electron spins, which reduces the paramagnetic effects.
Bis-silylated adduct Thermal reaction of Ce 2 @I h -C 80 with 1,1,2,2-tetramesityl-1,2-disilirane took place smoothly to afford a single isomer of the bis-silylated adduct, Ce 2 @I h -C 80 (Mes 2 Si) 2 CH 2 , in which the two silicon atoms of the substituent are attached on the 1,4-position of the I h -C 80 cage [28] . Results of the X-ray crystallographic analyses showed that the two Ce atoms are localized at two positions directing the hexagonal ring at the equator. Additionally, we observed strong temperature dependence of six quaternary carbon signals by decreasing temperatures from 303 to 253 K while taking VT-13 C NMR measurements. On the other hand, the sp 3 carbon signal, which corresponds to the carbon atoms on the addition site of the cage, showed only slight temperature dependence. This observation is explainable by the fact that each Ce atom faces a hexagonal ring at the equator of the cage, as revealed in the X-ray crystal structure (Fig. 2) . This report constitutes the first experimental evidence for control of the motion of encapsulated atoms inside a fullerene cage. New vistas in fullerene endohedrals 761 Ce 2 @I h -C 80 and the bis-silylated adduct is ascribed to the change of the electronic structure of the cage, which results from the electron donation from the silyl substituent to the cage.
Carbene adduct
To form the [6, 6] -open adduct, Ce 2 @I h -C 80 (Ad), Ce 2 @I h -C 80 reacts with Ad carbene, in which the [6, 6] -bond is broken by its addition [32] . We performed X-ray crystallographic analysis of the La 2 @I h -C 80 analog, La 2 @I h -C 80 (Ad), which revealed that the metal atoms are collinear with the spiro carbon of the carbene adduct, unlike the 3D random movement in La 2 @I h -C 80 (Fig. 2) . It is noteworthy that the La-La distance is highly elongated to 4.031 Å. The remarkable metal-metal elongation in the carbene adduct results from the expansion of the cage's inner space caused by the bond cleavage, which reduces the electrostatic repulsion between the metal cations. This elongation engenders the regulation of metal atoms from 3D movement to the restricted behavior. In addition, the paramagnetic NMR shift analysis of Ce 2 @I h -C 80 (Ad) indicates that the Ce positions are also regulated and stand still at specific positions that are collinear with the spiro carbon of the Ad carbene at room temperature in solution, as found for La 2 @I h -C 80 (Ad). The absorption spectra of La 2 @I h -C 80 (Ad) and Ce 2 @I h -C 80 (Ad), respectively, resemble those of the pristine La 2 @I h -C 80 and Ce 2 @I h -C 80 . These facts indicate that the π-electronic state of the I h -C 80 cage is little changed by the carbene addition because the sp 2 -character of the carbon atoms at the addition site is retained.
1,3-Dipolar cycloadducts
Exclusion of carbon dioxide from 3-trityl-5-oxazolidinone under heating in toluene generates the corresponding 1,3-dipolar reagent, which adds readily to La 2 @I h -C 80 yielding both [6, 6] 
Molecular structure of Ce 2 @D 5h -C 80
Very recently, we synthesized and characterized a second Ce 2 @C 80 isomer: Ce 2 @D 5h -C 80 [35] . The 13 C NMR spectrum of Ce 2 @D 5h -C 80 shows two full-intensity lines and four half-intensity lines, which are attributed to the D 5h -symmetry of this molecule. It is particularly interesting that the observed c pc values of the carbon signals are larger than those of Ce 2 @D 3h (5)-C 78 , in which the two Ce atoms are stationary at specific positions. The strong temperature-dependence of the carbon signals indicates that the two Ce atoms in Ce 2 @D 5h -C 80 do not circulate three-dimensionally; instead, they move in a restricted manner. The paramagnetic NMR shift analysis together with theoretical calculations led us to conclude that the Ce atoms in Ce 2 @D 5h -C 80 circulate two-dimensionally along a band of 10 contiguous hexagons (Fig. 3) , which contrasts sharply to the 3D movement of two Ce atoms in Ce 2 @I h -C 80 .
In fact, the 13 C signals of Ce 2 @D 5h -C 80 displays larger temperature dependence than those of Ce 2 @I h -M. YAMADA et al.
C 80 , reflecting the restricted circulation of the Ce atoms in Ce 2 @D 5h -C 80 . This finding underscores the fact that the dynamic movement of the metal atoms depends not only on the size, but also on the fullerene cage symmetry. Table 1 presents redox potentials of the fullerene endohedrals. The electrochemical properties of fullerene endohedrals are highly dependent on both the cage size and on the cage symmetry. Among these endohedrals, Ce@C 2v -C 82 shows the lowest first oxidation potential (0.08 V) and third lowest reduction potential, characterizing the lowest electrochemical potential gap. This observation is attributable to the open-shell electronic structure caused by the three-electron transfer from the Ce atom to the carbon cage. It is particularly interesting that dimetallofullerenes also have lower electrochemical potential gaps compared to C 60 despite the closed-shell electronic structure. Theoretical calculations display that the lowest unoccupied molecular orbitals (LUMOs) of the dimetallofullerenes are localized on the two metal cations, which contrasts sharply to the case of monometallofullerenes, in which the LUMOs are distributed not only to the metal cations but also to the carbon cages. In Ce 2 @D 2 (10611)-C 72 , two reversible reductions, one reversible oxidation, and one irreversible oxidation potential were observed. The reversibility at the first oxidation as well as the first and second reduction is consistent with the fact that the Ce 2 @D 2 (10611)-C 72 molecule is stable under ambient conditions, despite its non-IPR structure. In addition, Ce 2 @D 2 (10611)-C 72 has much lower oxidation and higher reduction potentials than Ce 2 @I h -C 80 has [28] . Indeed, the highest occupied molecular orbital (HOMO)-LUMO gap of Ce 2 @D 2 (10611)-C 72 is larger than those of previously reported endohedral dimetallofullerenes, such as La 2 @I h -C 80 [36] . These results are consistent with the theoretical calculations. In Ce 2 @D 3h (5)-C 78 , three reversible reductions, one reversible oxidation, and one irreversible oxidation potential were observed. The first reduction potential of Ce 2 @D 3h (5) New vistas in fullerene endohedrals 763 It is also of interest how the electronic properties are modulated upon exohedral functionalization because the fine-tuning of the electron affinity of the fullerene endohedrals is desired for the direction of photovoltaic applications. The redox potentials of functionalized derivatives of fullerene endohedrals are presented in Table 2 . The Ad carbene adducts of Ce@C 2v -C 82 showed slightly higher first-reduction potentials, but lower first-oxidation potentials than the pristine Ce@C 2v -C 82 , indicating that the introduction of an Ad carbene group decreases the electron-accepting ability because of the inductive effect. Similar behavior was also apparent for the Ad carbene adduct of Ce 2 @I h -C 80 . Indeed, the first oxidation potential of Ce 2 @I h -C 80 (Ad) was shifted cathodically by 100 mV; the first reduction potentials were shifted cathodically by 40 mV as compared to pristine Ce 2 @I h -C 80 . The small shifts of oxidation and reduction potentials reflect the fact that the HOMO-LUMO gap of Ce 2 @I h -C 80 (Ad) resembles that of pristine Ce 2 @I h -C 80 . In contrast, bis-silylation strongly affects the redox properties of fullerene endohedrals. The bis-silylated adduct of Ce 2 @D 3h (5)-C 78 exhibited one irreversible and one reversible oxidation waves as well as one reversible reduction wave in the cyclic voltammogram. Compared to Ce 2 @D 3h (5)-C 78 , all the oxidation and reduction potentials of the bis-silylated adduct are shifted cathodically by 290 mV. This observation indicates that the D 3h (5)-C 78 cage was negatively charged to a considerable extent by bis-silylation because the silyl substituent acts as a strong electron donor. Therefore, the bis-silylation shifted the first reduction potential to more negative potentials. It is particularly interesting that the bis-silylated Ce 2 @D 3h (5)-C 78 is stable at the first oxidation potential, but the quantitative retro-cycloaddition takes place at the second-oxidation potential. The first oxidation and reduction potentials of the bis-silylated Ce 2 @I h -C 80 were shifted cathodically, respectively, by 640 and 340 mV. It is noteworthy that the first oxidation of the bis-silylated Ce 2 @I h -C 80 led to removal of the silyl substituent from the carbon cage. We also investigated the redox properties of the two regioisomers of 1,3-dipolar cycloadducts of Ce 2 @I h -C 80 . The first oxidation and reduction potentials of [6, 6] -Ce 2 @I h -C 80 (CH 2 ) 2 NTrt cycloadduct were cathodically shifted, respectively, by 10 and 160 mV. On the other hand, the corresponding oxidation and reduction potentials of [5, 6] -Ce 2 @I h -C 80 (CH 2 ) 2 NTrt were cathodically shifted, respectively, by 350 and 120 mV. Such a drastic difference in the redox potentials of the two regioisomers is important evidence that the respective π-electron systems of the fullerene cages in the [6, 6] -cycloadduct and [5, 6] -cycloadduct differ greatly. It is reasonable to infer that the different electronic properties engender the different movements of the encapsulated metal atoms in the two regioisomers. [37] . e Ref. [23] . f Ref. [26] . g Ref. [28] . h Ref. [32] . i Ref. [34] .
Electronic properties of fullerene endohedrals
CONCLUSIONS
The explanations presented herein describe the synthesis and characterization of a series of fullerene endohedrals and their derivatives. The molecular structures including the dynamic behaviors of the metal atoms were elucidated using paramagnetic NMR shift analysis together with X-ray crystallography and computational calculations. Results showed that the metal atoms' locations and movements depend drastically not only on the cage sizes and symmetries but also on the exohedral addends. Electrochemical investigations revealed that fullerene endohedrals have much lower oxidation and reduction potentials than those of hollow fullerenes. The redox properties also drastically depend on the cage sizes and symmetries. These redox properties can be modulated through exohedral chemical functionalization. The reduction potentials are dependent on the addends' electron-donating abilities and on the addition site locations. Results of these systematic studies of fullerene endohedrals will engender a deeper understanding of spherical π-electron systems.
